In this paper, we report the optical injection locking of an L-band (∼1580 nm) 4.7 GHz III-V-on-silicon mode-locked laser with a narrow line width continuous wave (CW) source. This technique allows us to reduce the MHz optical line width of the mode-locked laser longitudinal modes down to the line width of the source used for injection locking, 50 kHz. We show that more than 50 laser lines generated by the mode-locked laser are coherent with the narrow line width CW source. Two locking techniques are explored. In a first approach a hybrid mode-locked laser is injection-locked with a CW source. In a second approach, light from a modulated CW source is injected in a passively mode-locked laser cavity. The realization of such a frequency comb on a chip enables transceivers for high spectral efficiency optical communication. 
Introduction
The global Internet traffic has grown dramatically in the past two decades. Advanced transceiver technology is indispensable to handle the massive amount of information that needs to be transported over the optical network. The spectral efficiency of these transceivers is of paramount importance for the effective use of the available optical fiber bandwidth. The conventional solution is to use highly parallel wavelength division multiplexing (WDM) with several tens of channels. The spectral efficiency of such a system is however far below the theoretical limit, due to the guard bands inserted in between the wavelength channels. Moreover, the management of large arrays of single wavelength lasers is far from trivial. Coherent optical orthogonal frequency division multiplexing (OFDM) systems can provide a solution to these problems. Tbps optical OFDM communication systems with high spectral efficiency have been demonstrated [1] . Such a system requires an optical frequency comb source to generate an array of narrow line width lines with a fixed phase relation and thus fixed frequency spacing.
The frequency comb can be generated by a mode-locked laser. Because of the mode-locking, the laser lines have inherently a distinct phase relation, while the frequency spacing is determined by the repetition rate of the laser. It has been shown that (stabilized) mode-locked fiber lasers can serve as a frequency comb source, however, these lasers have typically a low repetition rate (and hence too small frequency spacings for optical communication) because of the long laser cavity length [2] . Integrating mode-locked lasers on chip could overcome this problem, and has additionally a clear advantage in volume factor and power consumption. However the line width of the longitudinal modes of such lasers is typically in the MHz-range, which is too broad for advanced coherent communication schemes [3] . To overcome the line width problem Kerr combs have been suggested as alternative. This approach uses the strong Kerr-nonlinearity in integrated microring resonators to generate combs. Although it has been challenging to generate coherent microresonator frequency combs, their wide bandwidth and frequency spacing compared to fiber lasers allow high data rate communication links [4] . However, the relatively low power efficiency in converting the laser light into the sidebands and high optical pump power needed, hamper the co-integration of the pump laser and resonator on a chip. Alternatively, cascaded phase and amplitude modulation of a narrow line width CW source can be used to create a frequency comb [5, 6] . However, this approach suffers from the high power consumption for driving the modulators and the high insertion loss of the cascade of modulators. We propose a solution based on the injection locking of an integrated modelocked laser with a narrow line width continuous wave (CW) source. We show that the laser lines generated by the mode-locked laser are coherent with the narrow line width CW source. Due to the low optical power that is needed to lock the mode-locked laser, the system could be completely integrated on a single chip.
Recently, integrated electrically pumped semiconductor mode-locked lasers on silicon photonic integrated circuits were demonstrated [7] [8] [9] [10] . The integration of mode-locked lasers on a silicon photonics platform allows using low-loss silicon waveguide structures to form the laser cavity, which positively affects the laser performance. Moreover, high-speed photodetectors and modulators can be co-integrated on the silicon photonics platform, allowing the realization of fully integrated, advanced transceivers. Silicon photonics, leveraging the well-developed CMOS fabrication infrastructure and its economy of scale, provides a distinct cost advantage over other optical technologies for transceiver applications. At the same time it allows lower power consumption and enables the scaling of the aggregate bandwidth of transceivers to the Terabit/s range.
However, to meet the demanding requirements of coherent communications, the modelocked lasers need to have both a low timing jitter and a narrow optical line width. To improve the timing jitter, hybrid mode-locking can be used to synchronize the repetition rate of the laser to that of an external RF source. The optical line width of the individual lines lies however still in the MHz range, insufficient for coherent communication.
By injection of a narrow line width CW tone in the mode-locked laser, the optical line width can be reduced ideally to the line width of the CW source [11, 12] . In this paper, we report a reduction of the optical laser line width to 50 kHz for a 4.71 GHz repetition rate mode-locked laser. This line width is narrow enough to enable coherent data transmission with advanced modulation formats [3] . Two locking techniques are explored. Both methods address the need for low timing jitter and a narrow optical line width at the same time. In a first approach a hybrid mode-locked III-V-on-silicon laser is injection locked with a CW source. In a second approach, hybrid mode-locking can be avoided, by injecting light from a modulated CW source in the passively mode-locked laser cavity. Coherence between more than 50 longitudinal modes and the CW source is experimentally confirmed.
Design and fabrication
The injection locking experiments were carried out on a linear cavity colliding pulse III-V-onsilicon mode-locked laser [9] . The device geometry is depicted in Fig. 1 . The optical amplifiers and the saturable absorber are implemented in a III-V-on-silicon waveguide section, placed symmetrically in the cavity to obtain colliding pulse operation. The III-V gain section is 2×430 µm long (not including the 150 µm long spotsize converters), while the III-V saturable absorber is 100 µm long. The confinement factor of the optical mode in the quantum wells is 7.5 % both in the gain section and in the saturable absorber. A 150 µm-long tapered spotsize converter is used to couple between the hybrid gain section and the passive waveguide section as described in [9] . The main part of the cavity length is formed by two silicon spiral waveguides of each 0.7 cm length in order to reach a pulse repetition rate around 5 GHz (4.71 GHz in the experiment). The cavity mirrors are formed by first order distributed Bragg reflectors (DBR) (255 nm grating period, 50 % duty cycle, 180 nm etch depth), corresponding to a mirror reflectivity around 50 % in the wavelength range of interest. The laser emits in the L-band (around 1580 nm), the exact wavelength coverage depending on the laser drive conditions. More details on the device fabrication and dimensions can be found in [9] . The measurements were carried out with the device on a thermo-electric cooler keeping the device at 20°C. For the injection locking experiments, the saturable absorber is reverse biased at -1.3 V and 100 mA current is injected in the spotsize converters and semiconductor optical amplifiers as these settings resulted in the widest injection locking range. For these bias settings, the waveguide coupled laser output power is 6 mW. Although in free-running operation these settings are suboptimal, we noticed that less stable free-running mode-locked operation seems to lead to more stable locking operation under CW injection. This was also reported in [11] .
In case of passive mode-locking, the 3 dB optical line width of the longitudinal modes of the mode-locked laser is several MHz and the RF line width was found to be 55 kHz when fitting a Lorentzian curve to the RF spectrum. Hybrid mode-locking and injection locking techniques are therefore needed to meet the stringent requirements of terabits per second coherent communications in terms of line width and phase stability.
Verifying the coherence of the laser lines spectrally close to the seed laser
Optical injection locking with a narrow line width CW tone has been shown to be an effective technique to reduce the longitudinal modes' phase and frequency noise [12] . By locking the comb generated by the MLL to a narrow line width source, the line width of the longitudinal modes can be reduced, ideally to the line width of the seed.
In a first experiment, a narrow line width fiber-coupled CW source, acting as the seed, is injected in the mode-locked laser through a fiber-to-chip grating coupler. A continuous wave optical parametric oscillator (OPO)-based source with a 50 kHz optical line width was used in the experiment. The wavelength of the narrow line width seed is tuned such that it coincides with the center of the mode-locked laser spectrum. The on-chip CW seed power is 0.6 mW. The position of the longitudinal mode closest to the seed will be pulled toward the seed wavelength, locking both its frequency and phase.
The injection-locking measurement set-up is depicted in Fig. 2 . To verify the line width of the comb teeth, a frequency shifted copy of the seed source (by sending it through an acousto-optic modulator (AOM) inducing a 200 MHz frequency shift) is combined with the MLL emission and sent to a high speed photodetector connected to an RF spectrum analyzer recording the beat notes. An optical circulator is used to ensure that only the MLL output beam is combined with the shifted copy of the seed.
With this experiment, we can already verify that the lines with an optical frequency in the vicinity of the seed source are coherent with the seed source. Indeed, the six most adjacent lines to the seed frequency result in a sub-hertz RF beat note when interfered with the frequency shifted seed. This confirms the injection locking and the coherence of these lines. The optical line width of the MLL longitudinal modes is thus reduced down to the line width of the seed source, 50 kHz. Figure 3(a) shows the beat note of the first adjacent line. The 200 MHz shifted copy of the seed will beat with the line, which is spaced by the repetition rate f MLL from the original seed source. This leads to beat notes at f MLL − 200MHz and at f MLL + 200MHz, as is shown in Fig. 2 . Of course also the repetition rate of the MLL itself is present in the RF spectrum. Figure 3(b) shows a zoom in on the beat note situated around f MLL + 200MHz or 4.909 GHz.
Verifying the coherence of the comb source over its whole spectrum
To assess the lines spectrally further away from the seed laser, the measurement set-up depicted in Fig. 4 is used. In this experiment a commercial fiber frequency comb source (Menlo Systems) is used to interfere with the III-V-on-silicon MLL. The commercial frequency comb lines are spaced f probe = 100 MHz. The beat notes of the CW seed source with the commercial fiber comb source have a line width of around 100 kHz. The output of the comb laser is first sent through a filter with a 3 dB bandwidth of 0.1 nm and a tunable center wavelength, such that one can scan over the different lines of the mode-locked laser (spaced 40 pm apart) without probing them all at the same time. Next, the combined output is sent to a photodetector connected to an RF spectrum analyzer to record the beat notes, as indicated in Fig. 4 .
Many different beat notes will be generated. With f a being the distance between a modelocked laser longitudinal mode and the nearest neighbour comb line, f MLL the repetition rate of the mode-locked laser and f probe the repetition rate of probe comb source, we can find beat notes at:
the line width of which is determined by the line width of the MLL longitudinal modes and that of the reference comb source. To minimize both the line width of the longitudinal modes of the MLL (measure of the stability of the total comb position) and the RF line width (measure of the stability of the repetition rate), two approaches are considered. In a first approach, the MLL is first hybrid mode-locked with an external RF source and then injection-locked to a narrow seed laser. In a second approach, a passively mode-locked laser is injection-locked to a modulated narrow seed laser.
Injection locking of a hybrid mode-locked laser with a CW source.
Hybrid mode-locking was obtained by delivering a local oscillator signal at 4.71 GHz (5 dBm RF power at the RF generator) to the saturable absorber using a bias-T. This results in a subhertz RF line width of the repetition rate, but the optical line width of the individual lines did not improve compared to passive mode-locking. In order to reduce the optical line width, the hybrid mode-locking needs to be combined with optical injection locking with a narrow line width seed laser. In Fig. 5 , the optical spectrum before (blue) and after (red) injection locking is depicted. The injection power was measured to be 0.6 mW on chip. The optical spectrum becomes narrower compared to the non-injection locked state. This has been reported both in [11] and [12] . Before injection locking a 6.5 nm 3 dB optical bandwidth was measured. When the mode-locked laser is injection locked to the seed, a red shift of the spectrum occurs and the optical bandwidth reduces, as also discussed in [13] .
In Fig. 6 , the beat notes of the mode-locked laser longitudinal modes with the filtered probe comb lines are plotted. The center of the filter was positioned at 1579.2 nm. We can distinguish 12 different lines that correspond to the aforementioned equation 1 (the peak around 50 MHz actually corresponds to 2 lines very close together, as is shown in Fig. 6(b) ). Line 1a and 1b result from two fiber frequency comb lines spaced f a and f probe − f a from the same MLL comb line. Line 2a and 2b result from the beating of the probe comb with the neighbouring MLL comb line and so on, meaning 6 mode-locked laser longitudinal modes are probed. From the Lorentzian fit of any of the beat notes, a beat note 3 dB line width < 100 kHz is obtained, which is the limit of the measurement system. This proves that the probed mode-locked laser lines are coherent with the seed source.
To determine the total number of comb lines that is coherent with the seed, the probe comb is swept over the different mode-locked laser lines by tuning the center of the filter. Narrow beat notes can be measured from a center wavelength of 1578.4 nm to 1579.5 nm for an injection power of 0.6 mW on chip, indicating that 30 mode-locked laser lines are coherent with the seed.
When decreasing the optical injection power, the number of coherent lines will decrease. This is illustrated in Fig. 7 . However, at excessive optical injection (∼ 1 mW) single mode CW operation is obtained (at the injection wavelength). In a second approach, hybrid mode-locking can be avoided without loosing control over the repetition rate of the MLL. This can be achieved by modulation of the narrow line width seed at the repetition rate of the mode-locked laser. Optical injection locking of the MLL with a modulated seed narrows both the line width of the longitudinal modes and the RF beat notes. Figure 8 shows the fundamental RF tone of the free running passive mode-locking ( Fig.  8(a) ), optical injection locking with a CW seed (passive mode-locking) (Fig. 8(b) ) and optical injection locking with a modulated seed (passive mode-locking) (Fig. 8(c) ). We can see that CW optical injection locking of the passive MLL already reduces the 3 dB line width from 55 kHz to 40 kHz. Using a modulated seed results in a sub-hertz 3 dB RF line width (Fig. 8(c)) . A seed modulation depth of 11 dB was used in the experiment. In Fig. 8(c) side peaks can be observed more than 50 dB below the fundamental RF tone. The origin of these side peaks is not well understood.
The beat notes of the mode-locked laser with the filtered probe comb are depicted in Fig.  9 . The CW injection power is 0.1 mW on chip and the center of the filter was positioned at 1579.4 nm. Similar as in Fig. 6(a) , we can distinguish 12 different beat notes. Line 1a and 1b result from two fiber frequency comb lines spaced f a and f probe − f a from the same MLL comb line. Line 2a and 2b result from the beating of the probe comb with the neighbouring MLL comb line and so on, meaning 6 mode-locked laser longitudinal modes are probed. Similar to the previous experiments, line widths < 100 kHz are obtained from the Lorentzian fit, proving that the probed mode-locked laser lines are coherent with the seed laser. When sweeping the probe comb over the different mode-locked laser lines, narrow beat notes can be measured from a center wavelength of 1578.3 nm to 1580.4 nm for an injection power of 0.1 mW on chip, indicating that 55 mode-locked laser lines are coherent with the seed laser. The beat notes measured at different center wavelengths are shown in Fig. 10 . The positions of all measured beat notes correspond with equation 1 and can be understood in the same way as Fig. 9(a) , which is the same as Fig. 10(c) . 
Conclusion
In summary, we have demonstrated that injection locked III-V-on-silicon mode-locked lasers can operate as coherent comb sources. It was shown that under optical injection locking the 3 dB optical line width is reduced from a ∼MHz line width to a 50 kHz line width. With a CW injection power as low as 0.1 mW, coherence between more than 50 mode-locked laser modes and the CW laser is experimentally confirmed. Such sources can be used for advanced optical transceivers, but also in other applications, such as microwave photonics and on-chip dual comb spectroscopy. While in this paper the seed laser was external to the MLL chip, recently ultranarrow line width (50 kHz) III-V-on-silicon tunable lasers were demonstrated [14] , as well as on-chip optical isolators [15, 16] , enabling the monolithic integration of such a frequency comb source.
